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In this chapter we consider questions about how easy it is far different ions to
pass through open ion channels. Permeabiliry refers to the rate at which any par-
ticular ion species wil1 pass through an open channel under standard condi-
tions. Selectiviry compares the permeabilities of the open channel to different
ion species.

Permeability: theoretical approaches

We have seen in chapter 2 that ions move through channels down their elec-
trochemical gradients. An ion wi1l tend to move across the membrane away
from the side with the higher concentration of its own ion species and

towards the side whose electrical potential is apposite in sign to its own elec-
trical charge. Net ionic movements wi1l thus reflect the combined effect of the

concentration gradient and the electrical field. Knowledge of the electro-
chemical gradient enables us to predict the direction in which the ions wi1l flow,
but it cannot tell us what the rate of that flow wi1l be.

A relatively simple way of thinking about ion movement through channels
is to assume that the channel provides an aqueous medium not greatly differ-

ent from the aqueous solutions on each side of the membrane, and that each
ion moves independently of every other ion. The ions would then move in the
channel as if they were in free solution. We can calI this approach the inde-

pendent electrodiffusion model. It originated in the 1940s before channel
concepts were established, but some aspects afe stilI useful in describing mem-
brane permeability in terms of channel behaviour.

An alternative view is to consider the channel as providing sites where the

permeant ion can bind to the channel walI. Each binding site constitutes an

energy well and is surrounded on each side by an energy barrier. An ion



moving through the channel then has to cross a series of these energy~arri-
ers and energy wells as it passes £rom the aqueous solution on one side of the
membrane, via one or more binding sites inside the channel, and finally out to
the other side. This approach usually utilizesthe absolute reaction rate analy-
sis developed by Henry Eyring andhis colleagues.

Neither of these two approaches is wholly satisfactory. Each wi1l account
far some, but not all, of the features of ion channels. The electrodiffusion
model is useful in defining the permeabilities of channels; the Eyring rate
theory analysis may give us fruitful ideas about mechanisms of permeation.

There afe other ways of modelling channel permeability. One method is to
consider the ion channel as a continuum with the ions subject to diffusive
processes,but without assuming that ion movements afe independent of one
another (Levitt, 1986). More heroically, one can try to calculate all the move-
ments of all the ions and water molecules passing through the channel on a
sub-picosecond cime scale. This procedure is called molecular dynamics (see
Polymeropoulos & Brickmann, 1985; Karplus & Petsko, 1990). It requires a
precise knowledge of the positions of the various atoms in the lining of the
channel pote, a good understanding of the forces between them, and a vast
amount of computer cime. The method has been used to calculate the move-
ment ofwater molecules and ions in the gramicidin channel (Chiu cl al., 1989;
Poxleitner cl al., 1993; Roux & Karplus, 1994), but any extension to more
typical channels must wait until we have much more detailed information
about their structure.

One difficulty with complex theoretical analyses is that as they get more
complicated, so they become less subject to adequate testing procedures.
Simple theories afe attractive because they can more readily be related to
experimental results, but the consequence of this is that they afe more readily
disproved. But when thesimple theories have been shown not to fit the facts,
there is no alternative but to look far more complex ones. We shall not
examine these more complex theories here; they afe beyond the scope of this
book and they have not yet met with generai acceptance in the field.
Nevertheless, their development may well be necessary far further under-
standing of what happens in channels. Those interested in pursuing these
ideas further should look at the treatments by Liiuger (1982), Levitt (1986),
Cooper cl al. (1988), Dani & Levitt (1990), Partenskii & Jordan (1992), Chiu cl
al. (1993) and Skinner cl al. (1993).

The independent electrodiffusion model

Goldrnanin 1943 producèd a model of ionmovement through the plasma
membranethat did not include the concept of channels, but nevertheless has
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been.very influential in later thinking about them. He assumed that the mem-

brane was homogeneous in nature and that ions would cross it independencly
of one another, moving at a rate proportional to that in free solution. He

assumed that the electrical gradient across the membrane was linear, hence bis
analysis is sometimes known as the constant fteld theory. His approach was taken
up by Hodgkin & Katz in 1949, in analysing the properties of squid axon
membranes. The equations that they produced afe known as the

Goldman-Hodgkin-Katz or GHK equations, and bave been much used since
then in the description of channel properties. Let us bave a look at them.

First consider the diffusion of potassium ions down a concenttation gra-
dient from the inside (i) of the celI to the external medium (o) through a thin
membrane. We assume initially that there is no potential difference across the
membrane. The rate of movement of ions outward through the membrane is
the efflux J o' measured in moles per second per unit area of membrane. The

rate of movement in the apposite direction, inwards through the membrane,
is the influx.l;. The net flux JK is the difference between J o and.l;. The net flux

wi1l be proportional to the concenttation gradient:

JK = PK ([K1- [K].) (5.1)

where the constant of proportionality, P K' is an important quantity called the

permeability or permeability coefftcient. Look at the units in equation 5.1: if JK is
measured in mal cm-2 S-l and the concenttations in mal cm-3, then (since
the units on one side of an equation must balance those on the other) P K must

be measured in cm S-l, the dimensions of a velocity.
It is assumed in the constant-field model that ions wi11 partition themselves

between the homogeneous membrane and the aqueous solutions each side in

a constant ratto that we can call the partition coefficient {:J. Rates of diffusion
through the membrane wi11 be proportional to a diffusion coefficient D of the
ionin the membrane phase (see equation 2.8) and inversely proportional to its

thickness a. Then P K is equal to {:JDJ a.
If there is a potential difference E between the two compartments, we need

something more complicated than equation 5.1 to describe the net flux.
Goldman showed that, provided the assumptions of the constant-field model

apply

~ =p ~ [ [Kl- [K]nexp (-EZFIRT)
K KRT l-exp(-EzF/RT) -

We can convert the net flux into units of electrical current by multiplying by
Faraday's constant F and the charge on the ion z, so that the current per unit
area carried by potassium ions, IK, is then

1 = Ez2F2r [Kl- [K]oexp (-EZF/RT)
K PK--RT 1- exP'(-E~F/RT)
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This equation is sometimes known as the GHK current equation far potassium
ions. lt implies thatthe reiation between current density IK and voltage E is
not linear, in other words there is some rectification presento At Iarge positive
values of E, the siope of the current-voltage curve becomes proportional tQ
[Kl, whereas at Iarge negative voltages it becomes proportional to [K]o'

Equations similar to 5.3 can be written far sodium and chloride currents.
These expressions can then be summed to give the total ionic current through
the membrane. lf the system is in a steady state so that there is no net current
flowing through the membrane (as at the resting potential, or at the reversal
potential far some induced change), then we get the GHK voltage equation:

E= !!:! m[ PK[K]o + PN.[Na]o + Pa[CI1
] ,F P K[Kl + p N.[Na]j + p CI[CI]o ' .

where P K' P N. and P a are the permeability coefficients far the potassium,
sodium and chloride ions.There are other versions of this equation that take
account of the rolesof calcium and oth~r ions, with some extra complications
when monovalent and divalent ions are considered in the same expression (see
Lewis. 1979).

(5.4)

Describing selectivity with the GHK equations

Many ion channels afe remarkable for their selectivity, as is indeed suggested
by their names. But do sodium channels let only sodium ions through, and do
potassium channels let only potassium ions through? Perhaps, on the conttary,
such channels may be slighrly permeable to ions other than the ones they afe
primarily selective foro One way of tésting this idea is to see how the ionic con-
centtation gradients affect the relations between current and voltage for the
open channels.

Consid~r a channel that is permeable only to sodium ions, and suppose the
external sodium ion concenttation is nine times the internai concenttation.
Then the sodium equilibrium potential ENa is given by the Nernst equation
for sodium ions:

E =!Jl: lnMNa F [Na]j

which works out close to + 55 m v: If the membrane potential is negative, or
less positive than + 55 m V; then the flow of sodium ions will be inward when
the channels open. If the membrane potential is more positive than + 55 m V
then the sodium ion current flow will be outward. In other words, the current
reverses in sign as we pass through + 55 m V; which is thus (as we have seen in
chapter 2) known as the reversal potential far this current.

But suppose the sodium channels will allow some potassium ions to flow



THEINDEPENDENT ELECTRODIFFUSION MODEL

through. At + 55 m V the sodium ions are in equilibrium and so there is no net
sodium ion flow in either direction. But the potassium ions are not in equilib-
rium (EK is likely to be about -80 mV; far example), and so they wil1 be
flowing outwards. In arder to get a net zero current flow (i.e. in arder to reach
the reversal potential), we must balance the small outward flow of potassium
ions with a small inward flow of sodium ions, and to do this we must set the
membrane potential at a value less positive than + 55 m v: So the reversal
potential wil1 be different from the value of ENa. To put the argument the
other way round, if the reversal potential is not equal to the equilibrium poten-
tial far an ion thatwe know flows through the open channels, then some other
ion must also be passing through them.

In a situation like this we need some means of describing in numerical
terms the relation between the permeabilities far the different ions. Equation
5.4 is particularly useful in this respect. Suppose, far example, we wish to
describe the relative permeabilities of sodium channels to sodium and potas-
sium iofi,s. Neglecting chloride ions (a safe assumption far cation-selective
channels), equation 5.4 becomes

E = !lI 1n[ [Na]o + (PdPN.)[K]o

]F [Nal + (PJPN.)[Kl

A similar expression can be used to describe the reversal potential of cur-
rents through potassium channels, which may have some low permeability to
sodium ions:

E = ~ ln[ [K]o + (PN.lPJ[Na]o
] (5.5)

F [K]j + (PN./PJ[Nal

Notice that we can work out the rafia of the permeability coefficients using
this type of equation even if we do not know\their absolute values. Such ratios

afe robust and useful as empirical descriptions of channel properties.
These equations can be applied to singie channels. lnstead of the permeabil-

ity cgefficients relating to a particular area of membrane (P K far a square cen-

rimette, far example), we use the lower case PK etc. to denote the single channel
permeability. Theunits forPK arenowcm3 S-I, with thedimensions of a volume
flow rather than a velocity. Figure 5.1 shows equation 5.5 applied to the reversal
potential far currents through ATP-sensitive potassium channels at different
external potassium ion concenttations. Here PN.! PK = 0.015, implying that the

channel permeability for potassium ions is 65 times that far sodium ions.
A more rigorous way of estimating relative permeabilities is to s\Jbstitute a

test ion far a standard one and see how this affects the reversal potential.
Suppose we wish to see which of the alkali metal ions will pass through
sodium channels. With just sodium chloride in the external solution, and if

chloride permeability isnegligible, equation 5.4 becomes
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Fig. 5.1. Reversal potentials
far ATP-sensitive potassium

channel unitary currents,
determined from patch clamp

measurements at different
external potassium ion
concentrations. The dashed line
is the Nernst equation
(equations 2.9 and 2.10) far
potassium ipn6. The fuilline is
the Goldman-Hodgkin-Katz

(GHK) voltage equation
(equation 5.5) with [K]j = 120
mM and PNlpK = 0.015. Notice

the logarithmic scale far [K]o.

(From Spruce et al., 1987a.)

E = !J:!: ln( PN.[Na]o )rev,N. F PN.[Nal + PK[K].

When the sodium is replaced by the test ion X in the external solution, we have

E = gln ( Px[X]o
)rev,x F PNa[Na]j + PK[K]j

Permeability ratios far various channels

The voltage-gated channels found in nerve and muscle cells afe highly sele~-
rive. In this group the calcium channels afe the most selecrive, then potassium

where ~rev is the change in reversal potential, (Ere\;X - Erev;Na)'

Hille (1972) used this method to investigate the selectivity of the sodium
channels of frog nerve fibres. With lithium replacing sodium in the external
solution, the reversal potential changed by only -1.6 mV: This gives a value
of 0..93 far the ratio P li/P Na' so the permeability to lithium ions is only slightly
less than that to sodium ions. With potassium substituted far sodium,
however, the change in reversal potential was - 59 m V; giving a P J p Na ratio

of 0.086,.-so the permeability of the channel to potassium ions is only one
twelfth of that to sodium ions. Permeabilities to rubidium, caesium, magne-
sium and calcium ions were too small to measure.



Binding site models

Binding site models postulate that ions pass through ch~els by combining
with one or more particular sites in the channel pare. Each site can bind only
one ion at a cime, and there are energy barriers separating these various stages
in the ion's journey through the channel.

The simplest situation would be when there is a single binding site in the
channel. We can represent the passage through the channel by the following
scheme,where B is the binding site and X is the permeant ion:

lXJok! kz
X +B ~ ~XB ~ ~X.+Bo k-t lXJik_2 1 (5.12)

In passing from free solution on the outside of the membrane to the binding
site in the channel, the ion has to cross an energy barrier, and it has to cross
another one when passing fromthe binding site to the aqueous solution inside
the membrane. We can draw a hypothetical energy profile to show this (fig.
5.7); the binding site is an energy well between two peaks. The voltage across
the membrane wi1l determine how easily the ion climbs the energy barriers,
and the ttansition rate constants k1, k-l etc. wi1l be voltage dependent.

Rate theory models

Absolute reaction rate theory was developed by Henry Eyring to relate the
values of the rate constants in a chemical reaction to the energy barriers sep-
arating the different stages (Glasstone el al., 1941; Eyring el al., 1949). It has
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Fig. 5.7. Energy barrier model
far a channel with a single
binding site, The curve shows
how the chemical free energy
of an ion varies with its
position in the channel.
Heights of the barriers and the
well are measured with respect
to the external surface G" The
position of the well G2 is given
by the fraction ~ of the
electricai field at which it
occurs. It is common to
position the barriers midway
between the wells they
separate. The rate constants far
hopping from one minimum to
another (e.g. k, far the
transition from G1 to G2) are
shown, Barrier heights and well
depths will be different far
different ions. (From Hi1Ie,

1992a.)
been used to make useful models of a number of different ion channels. It
can provide explanations for some of the channel properties described in the
previous section, and has proved productive in focussing ideas on the nature
of permeation.

A transition rate constant in a rate theory analysis is related to the product
of two components: the height of the energy barrier that has to be sur-
mounted, and the fraction of the voltage field that acts on the ion as it climbs
it. The first component is equal to exp(-~G* /R1), where -~G* is the
change of energy O mol-l) between the foot and the peak of the barrier. Por
the rate constant k1 in scheme 5.12 and fig. 5.7, -~G*/RTis equal to
GI2-G1, where the Gvalues afe expressed in RTunits (RTis 2.436 kJ mol-l
at 20 °C). The second component is equal to exp( -,Z8EF /2RT); bere 8 gives
the position of the energy well expressed as a fraction of the whole electrical
field across the membrane and we assume that the peak of the energy barrier
occurs halfway there at an electrical distance 8/2 from the start. So the com-
plete expression fork1 is

kl=;; vX exp[-(GI2 - GJ - ztlEF/2RT] (5.13)

The constant v (nu) is called the frequency factor, generally ta.ken to be kT/ h,
where k is the Boltzmann constant, Tis the absolute temperature and h is the
Planck constant. kT/h is 6.1 X 1012 s-t at 20 °C. We can write similar equa-
tions for the other rate constants in the model:

k_1 = vX exp[-(GI2 -G~ +ztlEF/2RT] (5.14)
k2 =vXexp[-(G23 -G~ - z(1 - 6)EF/2RT]
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and k-z ~"x exp[-(G23- G;J - z(1 - 8)EF/2RT]

The net flux through the channel can be obtained by calculating the unidi-
recrional fluxes aver one of the two barriers, taking into account the proba-
bility that the binding gite well is occupied. Anion can enter a well on1y if it is
not already occupied by another ion, and clearly an ion can on1y leave a well if
it is there already, i.e. if the well is occupied. So we need to know the proba-
biliries far these two situarions. The probability Pu that the well wi11 be unoc-
cupied at any parricular instant is given by the sum of the rate constants far
leaving the well divided by the sum of alI the rate constants:

- k-1 +~Pu -
[X]k+ 1. + k + [X].ko) ""2 -1 1 -2

Similarly the probability Po that itis occupied is given by the sum of the rate
constants for entering the well divided by the sum of alI the rate constants:

- [X]ik_2 + [X]okt
Po -,. [X]okt + k2 + k-t + [X]ik_2

The efflux over the outer barrier is then k-t Po' and the influx is [X] o kt Pu'
The difference between the two gives the net flux Jx:

. [X]jk-2k-t - [X]okt~
Jx= [X]okt + ~ + k_1 + [X]ik_2

The unitary current will then be given by the net flux, measured in ions S-I,
multiplied by the elementary charge eo and the charge number of the ion z.

Few channels actualIy behave in such a simple way that their properties can
be described by a single gite model. The treatment does, however, alIow us to
lay down certain ground rules in thinking about selectivity and permeability:

(1) The ease with which an ion gets into a channel (or whether it does so at
alI) will be determined by the height of the energy barrier it has to tra-
verse in arder to get into the pare from the extracellular or intracellular
solution. Part of the process contributing to the barrier is simply diffu-
sional access into the channel. Also the ion may have to lose part or alI
of its hydration shell, breaking the ion-<lipole bonds that hold the water
molecules in pIace. A narrow pare diameter may produce a high energy
barrier, since diffusional access will be restricted and there may be little
or no room far any hydration shell.

(2) Energy barriers de~ermine the selectivity sequences (as in table 5.1)
given by measurements of the change in reversal potential as one ion is
substituted by another. The barriers will be high far the less permeant
ions.

(3) The speed with which an ion moves throu~h the channel will also be
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determined by the depth of the well. A cation may meet a negative
charge in the pare wall to which it is atttacted electrostatically. Different
ions may be atttacted more or less strongly; the stronger the attraction
to the binding gite, the deeper the well. The deeper the well, the slower
are the rate constants far leaving it, and so the slower the overall per-
meation processo It is this feature of the model that can account far
some of the apparently paradoxical behaviour of channels: with a deep
well the relative permeability far an ion may be high while its conduc-
tance is low, a feature that cannot be explained by simple electrodiffu-
sion models.

It is important to realise that the energy profile of the channel - the
pattern of energy wel1s and barriers - cannot be determined direccly and

independencly of the ion flow measurements that it is used to explain.
Nevertheless, rate theory models bave been very useful in thinking about the
nature of permeation. The suggestions that channels include one or more
binding sites far the permeant ions, and that one or more ions can occupy
the channelsat any particular cime, afe now generalIy accepted. It seems clear
that alI channels afe not the same in these respects. Some channels behave
as though they contain a single ion binding gite in the pare, others as though
they bave multiple binding sites. Those with multiple binding sites may or
may not behave as though they contain more than one ion at once. Let us
look at some examples.

The voltage-gated sodium channel

Certain results of the simple model can be used in modelling the effect of
blocking ions. An instructive and influential analysis was that carried out by
Woodhull (1973) on the blockage of sodium channels in frog nerve by
protons. She found that an increase in the hydrogen ion concentration reduces
the sodium permeability of the nerve and that this reduction is dependent on
the membrane potential; it is less at more positive membrane potentials.

The results could be explained if there were a negatively charged binding
gite far sodium ions in the pare at some distance from its mouth, and if this
could be temporarily occupied by ahydrogen ion. H ydrogen ions could access
or leave the gite from the external side of the channel only. U sing the model
shown in fig. 5.7, the binding gite would be the energy well at Gz, and the inner
energy barrier (GZ3 in fig. 5.7) would be too high far protons to surmount.

We can write the reaction between hydrogen ions and the binding gite as
follows:

[H+1kt
'"

'k -I
H:!:+B- HB (5.15)
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Fig. 5.8. Block of voltage-
gated sodium channels by
protons. A shows families of
sodium currents tram voltage
clamped frog nerve at low (pH
7) and high (pH 5) hydrogen
ion concentrations. The inward
currents at lower membrane
potentials are reduced much
more at pH 5Jhan are the
outward currents at the more
positive potentials, so the
partial block at pH 5 is voltage-
dependent. The dissociation
constant Kd(E) is calculated
tram these currents using
equation 5.19. B shows how
Kd(E) varies with membrane
potential; the slope of the line
gives the position of the

+200 binding site in the electric field
as the electrical distance S.
(From Woodhull, 1973.

. . Reproduced tram the Journal
We can assume that the energy barners do not themselves change Wlth mem- of Generai Physiology 1973,

brane potential, so we can simplify equations 5.13 and 5.14 to give 61, pp. 687-708, by copyright
permission of The Rockefeller
University Press.)

kl = al X exp(-z8EF/2RT) (5.16)

and k-l = a-l X exp(z8EF/2RT) (5.17)

so thatthe rate constants are exponential functions of membrane potential.
The dissociation constant Kd far scheme 5.15 is k-t/kt. Substituting equa-
tions 5.16 and 5.17 in this expression we get

~ ~Z8EF)Kd(E);;= - exp-
, a1 RT

(5.18)

Here Kd(E) is the voltage-dependent dissociation constant; it increases e-fold
(i.e. bya factor of 2.718) far every 25/Z8 mV increase in E. As we might
expect, extracellular hydrogen ions afe attracted into the channel at negative
membrane potentials and driven out at positive ones. The affinity therefore
appears greater at negative potentials and falls as the membrane is depolar-
ized. In the absence of a membrane potential the dissociation constant is
equal to a-l/al' and we could write this as Kd(O). The dissociation constant can
be measured experimental1y at any given voltage by comparing the macro-
scopic sodium currents at pH 7 and pH 5. The current wi11 be proportional to
the fraction of unoccupiedchannels (y), which is given by a modification of
equation 5.9:

~(F;) ,1 cx - + ]Na Y - K,I(F;) + [I:I n
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Fig. 5.9. Hille's energy barrier
mode! far the voltage-gated
sodium channel of frog nerve
(Ieft), and its molecular
interpretation (right). The
deepest well (position 2)
determines current amplitude
(it is deeper far blocking ions
such as thallium ions and
protons); it might be associated
with a carboxylate oxygen
atomo The highest barrier
(position 23) determines the
selectivity sequence; it is
postulated that this is the
narrowest part of the pare,
where the sodium ion is in
contact with the fewest water
molecules. (From Hille, 1975.
Reproduced tram The Journal
of GeneraI Physiology 1975,
66, pp. 535-60, by copyright
permission of The Rockefeller
University Press.)

~ = ~(E) +10-7
INa-pH7 Kd(E) + 10-5

So (5.19)

from which Kd(E) can readily be calculated.
The relation between Kd(E) and voltage is shown in fig. 5.8. Kd(O) is

4.7 X 10-6 M and {) is 0.28. The simplest interpretation of this is that hydro-
gen ions move through 0.28 of the membrane potential field to reach their
blocking gite. This fraction is known as the electrica/ distance of the binding gite
through the membrane; it will nor necessarily be the actual distance. The
blocking gite is a negative charge, the anion of a weak acid (such as the car-
boxyl oxygen atom in the side-chain of a glutamate or aspartate residue) with
a pKa of -log10 (4.7 X 10-6) or 5.3.

Let us now look at a more complete model of the sodium channel that was
developed by Hille (1975), partIr as a development of Woodhull's work. It was
one of the first attempts, long before the amino acid sequence of any channel
was known, to relate permeation to structure. The channel model has three
binding sites, although only one of them can be occupied at any one rime, so
its energy profile has four energy barriers and three wells, as is shown in fig. 5.9.

Permeability ratios, measured from reversal potentials, are determined in
Hille's model by the height of the highest barrier, 23 in fig. 5.9. He suggested
that this occurs at the narrowest part of the channel, where the permeant ion
is in contact with the fewest water molecules. The height of this barrier was
9RTfor sodium ions, 9.1RTforlithium ions, but 11.7RTfor potassium ions
and more than 14RTfor rubidium and caesium ions. These heights predict the
relative permeabilities shown in table 5.1.

The current through the channels is determined by the deepest well, placed
where Woodhull (1973) estimated the gite far blockage by hydrogen ions to
be. Here, it is suggested, lies the negative charge of a carboxylic acid oxygen
atom, and immediately beyond it is the narrowest part of the channel and the
highest energy barrier. The well had a depth of -1.0RT far sodium ions, with

~O4

~
0 4
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an apparent dissociation constant of 370 mM (equation 5.9). For ions that
block the channel, the well was deepened to - 3.0RT far thallous ions and

-12()RT for nrotons.



The size of the selectivity filter
Fig. 5.13. (right) lonic
selectivity in the voltage-gatéd
sodium channel of frog nerve.
Each family of records shows
the currents (1m) through the
sodium channels in a node,
produced by a set of different

clamped depolarizations.
Potassium channels were
blocked with

tetraethylammonium ions. The
sodium curves (Ieft) were
obtained in normal

physiological saline. The other
families of records show
responses when the sodium in
the external solution was
substituted by the less

permeant ions ammonium,
guanidinium and potassium, or
by the impermeant

tetramethylammonium (TMA).
Inward currents (downward
deflections) would be carried
by the external cation, outward
currents would be carried

mainly by internai sodium ions.
Reversal potentials were
determined tram these curves,
and permeability ratios P/PNa
(tables 5.1. and 5.2) were
calculated tram equation 5.6.
(From Hille, 1971, 1972 and
1992a. Reproduced tram The
Journal of GeneraI Physiology

1971,58, pp. 599-619, and

1972,59, pp. 637-58, by
copyright permission of The
Rockefeller University Press.)

Most conceptual models of ion channels assume that there is some particular
part of the transmembrane pare where selectivity far one ion aver another is
highest. It is known as the selectiviry ftlter, a term introduced by Hille in 1971.
The narrowest region of the pare will be the pIace where the permeant ion
comes into most intimate contact with the channel protein; hence it seems
likely that the selectivity filter will be bere. We can imagine that it is bere that
permeant ions are let through and impermeant ions (if they bave got that far
through the channel) are finally stopped.

One way of thinking about the selectivity filter is to imagine that it has a
particular size and shape, so that only ions that are small enough can pass
through. Hille (1971) used this concept in bis investigation of the selectivity
of the voltage-gated sodium channels of frog nerve axons. He substituted a
range of different organic tations far sodium, and measured their relative per-
meabilities from the changes in reversal potential, using equation 5.6. Some
examples of bis results are shown in fig. 5.13 and table 5.2.

Hille found that the relative permeability becomes smaller as the size of the
cations is increased. The largest ion to pass through the channel was
aminoguanidinium, with a permeability tarlo (P xl P Na) of 0.06, whereas the
much smaller hydroxylamine was almost as permeable as sodium, with a per-
meability tarlo of 0.94. Impermeant ions included such relatively large ions as
tetraethylaminonium, but also quite small ones such as methylamine. Indeed,
all ions containing methyl groups, including methyl derivatives of permeant
ions, were impermeant.

The aminoguanidinium ion is a planar molecule with outer dimensions about
3.7 X 5.9 X 7.6 A; if we think of it as a postal package that has to be posted
through a mailbox, then themouthofthemailboxmustbeatleast3. 7 X 5.9A,
it would seem. But if this is the size of the selectivity filter, then why does it not
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Table 5.2. Permeabilities of the frog ne1e sodium channel to various organic cations

Permeability P/PNaFormulalon

0.94
0.59
0.16
0.14
0.13
0.06

Hydroxylamine
Hydrazine
Ammonium
Formamidine

Guanidine

Aminoguanidine

Methylamine
Methylhydrazine
Methylguanidine
Tetramethylammonium
Tetraethylammonium
Ethanolamine
Choline

Biguanide

NH3OH+
H2NNH3+
NH +

4
HN = CHNH +

3
(NH2)2C = NH2 +

(NH2)2C = NHNH2+

CH3NH3+
CH NHNH +

3 3
CH3NHC(NH2) = NH2+

(CH3)4N+
(C2HS)4N+
HOCH2CH2NH3+
(CH3)3NCH2CH2OH+
H2NC(=NH)NHC(=NH)NH3+

Data selected from Hille (1971). For the lower eight ions in the table the permeability was too

low to be measured. Notice that none of the permeant ions contain CH3- groups.

+75 mV

Sodium

Guanidinium

J'-30,mV
I I I I

o 1 2 3

Time (ms)
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Iet through ions with methyl groups, whose diameter of 3.8 A ought to allow
them to just squeeze through? Hille suggested that the crucial feature is that the
permeant ions all contain - NHz or - O H groups, whose hydrogen atoms can

form hydrogen bonds with adjacent oxygen atoms in the channel wall.
Hydrogen bond formation allows the atoms involved to move closer to each
other than would otherwise be the case; in ice, far exampIe, there is aneffective
overlap of the hydrogen atom of one water molecule with the oxygen atom of
the next by 0.84 A (pauling, 1960). So if the hydrogen atoms in the - NHz or
- OH groups of the permeant organic cations can form hydrogen bonds with

oxygen atoms lining the walls of the selectivity filter, then the size of the filter
may be smaller than the apparent size ofthe permeant ion. Hille suggested that
the filter dimensions afe about 3 X 5 A, which would excIude methyl groups
since they cannot form hydrogen bonds.

A selectivity filter of these dimensions would Iet through a sodium ion plus
one water molecule in the transverse pIane (there may well also be other water
molecules in front of and behind the permeating ion in the pare). This water
molecule would form hydrogen bonds with oxygen atoms lining the walls of
the filter. The permeability of the channel to potassium ions is much Iess than
to sodium ions, and the channel is impermeabIe to rubidium and caesium ions
(tabIe 5.1). These Iarger ions afe too big to fit with a water molecule into the"
3 X 5 A filter.

None of the organic cationsthat pass through sodium channels can readi1y
pass through voltage-gated potassium channels. Thùs, although the crystal
radius of potassiumions (1.33 A) is greater than that of sodium ions (0.95 A),
potassium channel selectivity filters afe likeIy to be smaller than those of
sodium channels. Rubidium ions (crystal radius 1.48 A) can pass through the
potassium channel whereas caesium ions (radius 1.69 A) cannot. Hence it
seems reasonable to suggest that the radius of the selectivity filter is at Ieast
as Iarge as thecrystal radius of the rubidium ion and somewhat smaller than
that of the caesium ion, suggesting a diameter between 3.0 and 3.3 A far a cir-
cular cross-section (Hille, 1973).

The sodium ion is smaller than the potassium ion, so why does it not pass
readi1y through the potassium channel? A possible expIanation is as follows.
We have seen in chapter 2 that an ion in aqueous solution is surrounded by a
hydration shell of water molecules. A cation passing through the selectivity
filter might replace its ion-dipole bonds to the oxygen atoms of these water
molecules by similar links to the oxygen atoms in carbonyl groups of the
amino acid residues lining the pare of the channel. The lining of the channel
pare would thus be abIe to take the pIace of the hydration shell. lf these
oxygen atoms afe heIdrigidly in position, ions smaller than potassium would
be unabIe to make this replacement (Bezanilla & Armstrong, 1972). This idea
is illustrated in fig. 5.14.
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Fig. 5.14. Schematic
representation of potassium
and sodium ions in water and
in the pare of a hypothetical
potassium channel. The
potassium ion bonds to ali four
oxygen atoms seen in the pare
cross-section, whereas the
sodium ion bonds to only two,
with the result that its potential
energy in the pare is much
higher than it is in water and
hence it will not readily enter
the pare. (From Armstrong,
1975.)

Na + in water

K+ in K pare Na+ in K pare

Experiments on the permeability of neurottansmitter-gated channels
suggest that the selectivity filters here areconsiderably wider. Measurements
by Bormann and his colleagues (1987) on GABA-activated channels in cul-
tured neurons show that permeability to different ions falls with increasing ion
size, reaching zero at a diameter of about 5.6 A, as is shown in fig. 5.2. Similar
experiments on the'nAChR channel suggest that its selectivity filter is about 7
A in diameter (Dwyer ef al., 1980).

The permeation pathways of gap junction channels afe much larger. By
injecting fluorescent compounds of various sizes into cells and looking far
their appearance in neighbouring cells, it has been found in most cases that
molecules up to about 1000 daltons in size can pass through them. This
implies that the gap junction pores afe about 16 A in diameter (Schwartzmann
ef al., 1981). Sttuctural studies suggest that the pare is cylindrical in form and
about 15 A in diameter (Unwin & Ennis, 1984). Selectivity appears to be
simply on the basis of size, and most ions of physiological importance wi1l

pass through quite readi1y.
Gap junction channels from different sources may have different conduc-

tances, suggesting that they may have different pare sizes (Spray, 1990). In
osteoclasts channels made from connexin 43 would let lucifer yellow. and
similar dye compounds through, but channels made from connexin 45 would
not, although both types would permit the flowof small ions (Steinberg ef al.,
1994). There is no evidence that selectivity is associated with ~ particular
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K Na nAChA Gap

Fig. 5.15. Hypothetical cross-
sections of the selectivity filter
in four different channels,
based on their permeabilities to
ions of different sizes.
Diameters of those with
circular cross-sections are 3 A
far the voltage-gated
potassium channei tram frog
nerve, 7 A far the.nicotinic
acetylcholine receptor (nAChR)
channel tram frog muscle, and
15 A far the gap junction
channel. The voltage-gated
sodium channel tram frog
nerve is shown with a 3 x 5 A
selectivity filter. (Based partly
on Dwyer et al., 1980.)

narrow region of the pare; most gap junction models assume that the pare is
effectively a tube of constant diameter.

Figure 5.15 compares the estimated pare cross-section of gap junctions
with the proposed selectivity filters of the nAChR and voltage-gated sodium
and potassium channels, as suggested by Hille and bis colleagues. It is notable
that channels made from four subunits or domains (voltage-gated channels
and potassium channels, far example) bave smaller pores and higher selectiv-
ity than those made from five subunits (neurotransmitter-gated channels), and
these in turn bave smaller pores and afe more selective than gap junction chan-
nels, which afe made of six subunits. However, we should note that the cyclic-
nucleotide-gated channels, which belong to the voltage-gated channel
superfamily and so presumably afe tetrameric, bave selectivities and pare
cross-sections nearer to those of the pentameric neurotransmitter-gated
channels (Goulding cl aL, 1993). .

The porins of bacterial outer membranes bave pare sizes about 11 A in
diameter, as judged by experiments on the movement of oligosaccharide
sugars through them (Nikaido, 1994).
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